Excitation spectra for triplet state formation and fluorescence emission from uracil and thymine in neutral aqueous solution at room temperature are anomalous when compared to the absorption spectra of uracil and thymine.
Since the earliest days of the' Watson-Crick formulation of the secondary structure of DNA, it has been recognized that mismatching of the base pairs could lead to errors in replication and could thus be a molecular mechanism for mutagenesis. Tautomerism of the bases in those groups of the molecule involved in inter-base hydrogen bonding (giving amino-imino forms of adenine, guanine and cytosine, and lactam-lactim forms of thymine and uracil) was an obvious mechanism for "natural" mismatching; this suggestion has spurred much effort in the search for evidence for tautomeric forms, particularly in aqueous solution. The net effect of investigations by *W absorption spectroscopy, infrared in D20, nuclear magnetic resonance, and Raman spectroscopy has been negative (1) . However, these latter three methods are not sensitive to minor components, and UV spectroscopy is beset by the problem of unresolved overlapping transitions, so that it can only be said that the amino-lactam structures are the predominant forms of bases. As only minor amounts of tautomers would be necessary to make viable such a mechanism for the manifestation of mutagenesis through tautomeric mismatching, the problem really remains unresolved.
In recent years, two types of experiments have been performed on the pyrimidine bases to give excitation spectra that must be accounted for in terms of the absorption spectrum. Considered individually, each of these results are anomalous in that the excitation spectrum for the process is markedly different from the absorption spectrum. The purpose of the present communication is to demonstrate that in the light of the present knowledge, these anomalies can be quantitatively resolved if, and only if, the solution contains two distinct molecular species, tautomeric forms; reasons are presented for the suggestion that they are the diketo (lactam) form (major component) and the NS-C4 lactim form (minor component).
By studying the photochemical kinetics for dimer formation in aqueous solutions of uracil, Brown and Johns (2) were able to obtain from their reaction mechanism values for rr*. When determined at different wavelengths of excitation, the quantum yield did not have the expected independence of wavelength, but increased 13-fold from 280 to 230 nm (Fig. 1 ). This behavior is also exhibited by thymine and orotic acid (3), and has been confirmed recently by Lamola and Eisinger (4) using an entirely different technique in which triplet yields are determined by energy transfer to EuI+ and monitored by subsequent emission from the excited state of Eu3+.
The same frequency dependence was found (4) for TMP as for thymine, and it was stated that similar behavior was found for 1,3-dimethylorotic acid, 1,3-dimethylthymine, and 3-methyl-TMP.
By use of a signal accumulation technique, the existence of fluorescences from all the purine and pyrimidine bases of the nucleic acids has recently been demonstrated (5), and preliminary confirmation of these results has appeared (6). The fluorescence excitation spectrum for uracil did not coincide with the absorption spectrum ( Fig. 1 (Fig 2a) , the triplet yield when excitation is to higher "°levels can be written (4) (kT= ( ls + (a kvr ) = fPisc + (1 -fisc)oe where f'i,, is the probability of intersystem crossing from the higher level. Similarly (5b), of' = (kvr/kvr + k'uc)of°= (1 - crossing can occur from the higher vibrational levels of Si, as well as by the more normal process from the lowest level of
Si. An attractive feature of this model is that it immediately provides an explanation for the form of variation of the fluorescence quantum yield. If there is a significant probability of intersystem crossing at the higher vibrational levels, the probability of populating the lowest level after excitation of the higher level must correspondingly decrease and, hence, so must of. However, examined more closely, this model is not satisfactory. To compete effectively with vibrational deactivation, which is considered (7) 770K (9) indicates the triplet also to be lrwr* and the model can be completed if intersystem crossing occurs from an nfr* state i.e., e'(n*) 3QrT*). The net results of these considerations are embodied in the energy-level scheme of Fig. 2b (note that although the Vm.x of the distributions of Fig. 3 of the singlet nir* and wrT* levels can be understood in terms of a symmetry restriction on the transition l(n-r*) +I(-r*), which has to compete with vibrational deactivation rates to Si about 1012 sec-' and singlet deactivation rates to So about 1012 sec-' (5). However, the major drawback to this model is the evidence from polarized reflectance spectroscopyt that a 1-methyluracil crystal has only one electronic transition (of ww* nature) in the region of the fluorescence and triplet cross-section results. A weak nir* transition is seen beginning at 42,000 cm-', but this will probably be blue-shifted in aqueous solution. In this situation, Model associated with spectrum II, is responsible for the measured triplet yield. On this basis, it is possible to show that the reported (2) triplet cross-section and the relative fluorescence excitation spectrum (5) can be fitted to the absorption spectrum within experimental uncertainty. Spectra I and II were constructed as follows: The relative fluorescence excitation spectrum has a Gaussian form up to 38,000 cm-', and this form has been fitted to the total absorption curve subject to the constraint that it does not exceed the numerical value of the total molar absorption coefficient at any frequency. This is then considered the absorption due to tautomer I, and the absorption attributable to tautomer II is obtained as the difference between the overall absorption and that due to tautomer I. Thus, spectrum II is entirely determined by two experimental "shape" quantities and a proportionality factor. It is apparent from Fig. 3 * "Effective" because of the unknown magnitude of the tautomeric concentration, which cannot be evaluated to give the molar extinction coefficient of spectrum II quantum yields are essentially constant and independent of wavelength, except for the value for 230 nm, which can be attributed to more effective intersystem crossing from the higher singlet state S2. A corollary to the present interpretation is that the fluorescence quantum yield is (by definition) independent of exciting wavelength, with a value of 2.5 X 10-4, and thus two anomalies are removed.
Clearly, this procedure of curve-fitting maximizes the contribution of I to the total absorption. However, lesser values would change the shape of the resultant curve II on the lowenergy side, so that 4T would no longer be independent of exciting wavelength.
Supporting evidence that the fluorescence originates from a tautomer, and that this is the origin of the difference between the absorption and the excitation spectra, comes from the fluorescence results for 2,-diethoxythymine, shown in Fig. 4 . No tautomerism is possible for this molecule, and it is the only pyrimidine for which we have found the excitation spectrum and absorption spectrum to coincidet.
The structure of the tautomers I and II may be inferred from fluorescence and UV-absorption data. Earlier studies (10) of various methyl-and ethoxy-substituted derivatives of uracil and thymine showed that only the ethoxy derivatives had measurable fluorescence at room temperature in neutral solution. Our own studies (Hauswirth W. & Daniels, M., in preparation) of thymine fluorescence as a function of pH show that the quantum yield increases with each stage of ionization i.e., as the molecule progressively enolizes.
XT(T) = 1 X 10-4; Of (T-) = 1.7 X iO-3; f(T2-) = 3.5 X 10-8, while for 2,4-diethoxythymine, the unchanged analog of the dienolic form of thymine, Of = 1.6 X 10-3. These results suggest that the fluorescing tautomer I contains an enol group, and the agreement between the absorption Xma. of tautomer I (269 nm) and Xmax of 4-ethoxyuracil (11) (269 nm) favors the 4-hydroxy structure. Tautomer II, more weakly fluorescing, is probably the expected predominant diketo form.
t The report of Lamola and Eisinger (4) that triplet yields from 1,3-dimethylorotic acid, 1,3-dimethylthymine, and 3-methyl TMP (which cannot tautomerize) are dependent on frequency is not necessarily incompatible with the present model. It is entirely feasible according to the discussion of these authors that the triplet yield of any one tautomer could still vary with frequency. The essential point of this communication is that for uracil, triplet formation and fluorescence do not originate from the same state. 
